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The primary structure of Saccharomyces cerevisiae tRNAS”‘GCU is presented (EMBL database accession No. X74268 S. cerevbiae tRNA-Ser). 
In addition, quantitation of the relative amounts of serine isoaccepting tRNAs in yeast grown on different media showed that the minor tRNA”GCU 
decreased while the major tRNA*AGA increased as the growth rate and the cellular protein content increased. The minor species, tRNA%‘CGA 
and tRNA”VGA, were not separated by our gel system, however, taken together they appeared to vary in the same way as tRNA%GCU. These 
data suggest a growth rate dependence of yeast tRNAs similar to that previously described for E. coli tRNAs. 
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1. Introduction 
The analysis of tRNAs associated with the yeast cyto- 
plasm& Tyl virus-like particles revealed the selective 
packaging therein of several tRNAs [l]. Among them, 
one tRNA species, according to partial sequencing, was 
assumed to be the transcription product of the already 
described tDNA*GCT gene [2]. Despite the description 
of the corresponding precursor tRNA [3] the mature 
corresponding tRNA has not yet been detected. Accord- 
ing to our earlier work [l] this tRNA was found to be a 
species of very low abundance in yeast. It was estimated 
to correspond to less than 0.03% of total tRNA in com- 
mercial baker’s and brewer’s yeast and about 0.1% in 
laboratory grown yeast cells. The present paper deals 
with the primary structure determination of 
tRNA*GCU (accession no. at the EMBL database is 
X74268 S. cerevisiae tRNA-Ser). In addition, we report 
the relative abundance of the serine tRNAs in yeast as 
a function of growth conditions. 
2. Materials and methods 
Saccharomyces cerevisiae MW16 (a, his3A200, leu2A1, ura3-52, 
GAL+) was kindly provided by G.R. Fink and J. Boeke. Strain a/a 
(homoxygous for all markers except at the MAT locus) was derived 
from MW16 after transformation by an YCPSO plasmid that contains 
the HO gene which induces the mating type switching. The a/a and a/a 
strains were derived from a/a strains by y-irradiation and screening for 
mating competent colonies. 
Complex medium (YP) containing 1% yeast extract, 2% bactopep 
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tone was supplemented with 2% glucose (YP-glucose). Synthetic mini- 
mal medium containing 0.67% yeast nitrogen base without amino acids 
(YNB; Difco) was supplemented with 0.002% of each uracil, histidine 
and leucine and 2% glucose (YNB-glucose) or 2% galactose (YNB- 
galactose). 
Cultures were grown at 30°C and harvested in exponential phase at 
cell concentrations of about 2 x 10’ cells per ml. Growth rates were 
determined from cell counts after ultrasonic dissociation of the aggre- 
gates. 
Cellular nrotein content was determined as described by Stickland 
[41. * 
Puri6cation of total yeast RNA, electrophoresis on one-dimensional 
~olvacrvlamide gels (1D PAGE) and hybridization assays were wr- 
for&dVas desc&ed ill. Total commercial brewer’s yeast tRNA was 
from Boehringer, Mannheim. 
The tRNA speciiic probes were synthetic 19mer DNA oligonucleo- 
tides complementary to the aminoacyl stem, TZZ stem and loop se- 
quences of the tRNAs studied [l]. These were the following: (i) SerGCU 
for tRNA*GCU (S6281), 5’ GTCACAGAGAGGATTCGAA 3’; (ii) 
SerAGA for tRNA*AGA (S6280), 5’ GACAACTGCAGGACTCG- 
AA 3’; and (iii) Ser CGA/UGA for tRNA%‘CGA (S6400) and 
tRNAS”VGA (S6401), 5 GACACCAGCAGGAT’ITGAA 3’. 
Hybridization signal intensities were quantified on autoradiograms 
by photometric analysis using the RAG208 system (Biocom, France). 
The optical density of each band was de&red by the formula OD = -log 
(~,lZ’,‘, where Td is the gray level of the band and r_ the maximum 
of transmission determined in a reference area of the autoradiogram. 
The signal intensity was calculated by multiplying the averaged optical 
density by the area of the band. 
The primary structure of tRNA%GCU was determined using single 
hit hydrolysis and 32P post-labelling as already described [5,q. 
3. Results 
3.1. Purification and primary structure of the yeast 
tRNASerGCU 
The strategy to purify tRNA*GCU had to accurately 
eliminate the major tRNAs”and other tRNAs, like 
tRNAs’-=“, with long extra arms that, in most classical 
methods (BD-cellulose and Sepharose 4B column chro- 
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Fig. 1. Primary structure of the minor brewer’s yeast tRNAse’GCU. 
matographies, PAGE), migrate in its neighbourhood. To 
get the few nanomoles of the tRNA%‘GCU necessary for 
its sequencing we used counter-current distribution (ccd) 
fractions [I where this tRNA was found to elute in the 
aqueous phase whereas all other tRNAs with long extra 
arms eluted in the organic phase. Its primary structure 
was determined as mentioned in section 2: it is shown in 
its cloverleaf drawing in Fig. 1. It is worth mentioning 
that tRNAS”‘GCU has at the 3’ end of the anticodon 
(position 37) the hypermodified nucleotide, N-((9-/I-D- 
ribofuranosylpurine-6-yl)N-methylcarbamoyl)threonine 
(mt6A) instead of N6-isopentenyl-adenosine (i6A) found 
at that place in the major tRNAs*. The presence of 
mt6A could be responsible for the elution of this tRNA 
in the ccd’s water phase instead of the organic phase: i6A 
could give hydrophobic properties to tRNAs whereas 
mt6A could give hydrophilic ones. This tRNASe’GCU 
has the same anticodon loop, among other similarities, 
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as tRNA%‘GCU from mammals [8]: the latter also has 
mt6A in position 37 instead of i6A in the other mammal- 
ian tRNAs’“*. 
3.2. Relative amounts of tRNAS”GCU in various yeast 
tRNA preparations 
We previously observed that the tRNA*‘GCU con- 
tent was significantly lower in commercial tRNA prepa- 
rations than in tRNAs that we extracted from the JB224 
and MW 16 [ 1] strains. Given that commercial tRNA was 
extracted from polyploid cells grown on rich media 
whereas strains JB224 and MW 16 are haploid cells and 
were cultivated on minimal medium (YNB), we com- 
pared the relative abundance of tRNAS”GCU in haploid 
a cells and diploid a/a, a/a and a/a cells grown on media 
leading to different growth rates. These media were ei- 
ther glucose-based rich medium (YP) or minimal media 
(YNB) containing either glucose or galactose (the latter 
being also fermented by the strain MW 16). 
The tRNAs extracted from exponential phase growing 
cells and fractionated by 1D PAGE were hybridized to 
a tRNA*‘GCU probe complementary to its 3’ end. The 
corresponding autoradiograms are shown in Fig. 2. Rel- 
ative tRNA*GCU amounts deduced from the photom- 
etric analysis of the autoradiograms and expressed as a 
ratio to that of tRNA from YNB-galactose grown a/a 
cells are presented in Table 1: the signals obtained for 
tRNAs from a, a/a and a/a cells (Fig. 2A) grown on 
YNB galactose medium were nearly similar, indicating 
that the content of tRNAS”‘GCU was not dependent on 
ploidy or on the mating type. It must be pointed out that 
the signal obtained for tRNA*GCU from the a/a strain 
grown on YNB-galactose was about two-fold higher 
than that from other strains grown on the same medium. 
A longer exposure of the autoradiogram revealed in the 
pattern of a/a cells tRNA (Fig. 2B, lane 4) an upper band 
not seen in the pattern of a/a cells tRNA (Fig. 2B, lane 
3) that could correspond to unprocessed species (other 
higher molecular weight species were not detected). 
However, this extra band is too faint to compensate for 
Table 1 
Relative abundance* of serine isoaccepting tRNAs in yeast cells grown on media leading to different growth rates 
Culture medium Strain Doubling Protein Total tRNA SerGCW SerGCU@) SerGCU(C) SerCGA/ SerAGAcC) 
time (h) @g/10’ cells) (&lo7 cells) UGA’” 
YP-glucose a 1.5 65 500 0.34 _ - _ _ 
a/a id. - 689 0.30 0.19 0.35 0.65 1.71 
ala i.d. 98 650 0.28 0.37 0.42 0.62 2.26 
ala i.d. _ 570 0.11 - _ _ _ 
YNB-glucose ala 2 17 370 0.55 _ _ 
YNB-galactose a 2.1 27 221 0.74 _ - _ 
a/a i.d. - 172 1.0 1.0 1.0 1.0 1.0 
ala i.d. 43 212 1.8 1.90 1.6 1.1 1.13 
ala i.d. _ 315 0.85 _ _ _ 
Brewer’s yeast tRNA - _ - 0.17 _ _ 
*Relative tRNA* amounts were deduced from the photometric analysis of autoradiograms (Fig. 2) and are expressed as ratios to that of tRNAs* 
from YNB-galactose grown a/a cells. A, B and C correspond to the autoradiograms hown in Fig. 2A-C respectively. 
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Fig. 2. Detection of serine isoaccepting tRNAs in yeast tRNA fractionated by 1D PAGE. Loaded total tRNA: panel A, 1 A, OD unit; panels B,C, 
0.5 A, OD unit. (a) Ethidium bromide stained total tRNA. (b) Northern blot hybridization with 32P-labelled oligonucleotide probes. *By, commercial 
brewer’s yeast tRNA. **Culture media (YNB, synthetic normal medium; YP, complex medium) and carbon sources (glu, glucose; and gal, galactose). 
***Specific oligonucleotide probes as specified in section 2. The arrow(s) in a indicate the positions of the radioactive band(s) shown on the 
autoradiograms in b. 
the difference in tRNA*GCU contents between a/a and 
ala cells which remains unexplained. 
Moreover tRNA%‘GCU from commercial brewer’s 
yeast tRNA preparations (Fig. 2B, lane 2) and from cells 
grown on YP-glucose medium gave a 3- to 6-fold lower 
signal than tRNA from cells grown on YNB-galactose. 
The signal given by tRNA from cells grown on YNB- 
glucose (Fig. 2B, lane 1) was also lower than that of 
tRNA from cells grown on YNB-galactose. 
Growth rates and cellular protein contents of the cell 
cultures described above are presented in Table 1. The 
corresponding values show that cells grown on glucose- 
based medium not only grew faster but also contained more 
proteins than cells grown on YNB galactose. The amounts 
of tRNA isolated from each culture indicated that the 
tRNA contents varied concomitantly with growth rates 
and protein contents (Table 1). These values are pre- 
sented for information only, given that variable amounts 
of tRNA could be lost during the puritkation procedure. 
3.3. tRNASerCGA and tRNA’“UGA content variations 
The closely related minor isoacceptors, tRNA%GA 
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and tRNAS”UGA, co-migrated in both 1D and 2D gels 
[l]. The signal detected by hybridization with the radio- 
active oligonucleotide probe thus corresponded to both 
species. As shown in Fig. 2C (lanes 5-8) and Table 1, 
the relative amounts of the tRNAS”‘CGA and 
tRNAS”UGA, taken together, are higher in tRNAs from 
cells grown on YNB-galactose than in tRNAs from cells 
grown on YP-glucose. These species thus varied in the 
same way as tRNA*GCU. 
3.4. tRNA’“AGA content variations 
To determine whether the major isoaccepting species, 
tRNASerAGA, varies like the minor tRNA*’ species, we 
performed hybridization assays using a tRNA**AGA- 
specific probe. As shown in Fig. 2C (lanes 9-12) and 
Table 1, the relative amount of tRNA*‘AGA was signif- 
icantly higher in cells grown on YP-glucose, i.e. at a 
higher growth rate than in cells grown on YNB-galac-’ 
tose, i.e. at a lower growth rate. The corresponding var- 
iations clearly indicated that the relative abundance of 
tRNAS”AGA varied in an opposite way to that of the 
minor tRNAs*’ as far as growth conditions were con- 
cerned. In addition, it must be pointed out that the faster 
migrating band observed in the tRNA*AGA pattern 
corresponds to the tRNA lacking the terminal AMP at 
the 3’ end since that extra band was not found in tRNA 
preparations treated by tRNA nucleotidyl transferase in 
the presence of ATP (not shown). 
The variations of the yeast serine isoaccepting tRNAs 
described in this paper are similar to those previously 
reported by Emilsson and Kurland [9] in the case of 
E. coli tRNAs. These authors’ studies showed that the 
abundance of minor species decreased while those of 
major species increased as the growth rates increased. 
Kurland et al. [9,10] suggested that these variations may 
be relevant to the growth rate-dependent variations of 
the protein population. Indeed they reported that major 
proteins, among them translational, transcriptional and 
membrane proteins, are far less dominant at the lowest 
growth rates than at the highest growth rates. In E. coli, 
as in yeast [lO,ll], the genes coding for major proteins 
mainly use a subset of codons that are those best recog- 
nized by major isoaccepting tRNAs. Conversely, lowly 
expressed genes use all 61 sense codons, the major 
codons as well as the minor codons, the latter being 
decoded by minor isoaccepting tRNAs. According to 
Kurland et al. [9,10], the relative abundance of individual 
E. coli tRNAs would be modulated in order to match the 
codon usage of the mRNA pool that is the more biased 
as the growth rate increased. Indeed the E. coli tRNA 
population shares a more even distribution at the lower 
growth rate although the relative amounts of the major 
species still exceed that of the minor ones [9]. 
4. Discussion 
Until now, there has been no evidence that in yeast, 
major proteins are relatively more abundant at high 
growth rates than at low growth rates. However, unless 
the yeast serine tRNAs that have been studied here are 
an exception, our results suggest hat the response of 
yeast tRNAs to changes in the growth rates is similar to 
that of E. coli tRNAs. 
Our results show the primary structure of the brewer’s 
yeast minor tRNA%‘GCU and indicate that the relative 
amounts of serine isoaccepting tRNAs in yeast cells are 
dependent on growth conditions. Two culture media, a 
glucose-based rich medium and a galactose-based mini- 
mal medium, were mainly used: the growth rate and the 
protein content per cell being about twofold higher in the 
first medium as compared to the second one. Using a 
quantitative Northern blotting technique, we observed 
that the relative amount of the minor tRNA*GCU was 
at least threefold lower, while that of the major 
tRNAS”AGA was about twofold higher, in cells grown 
on rich medium than in cells grown on minimal medium. 
Although the other minor serine isoacceptors 
tRNA%GA and tRNAS”WGA were not separated by 
the gel system used, our results suggest hat they varied 
in the same way as tRNA%‘GCU. The decrease in the 
relative abundance of tRNAs“‘GCU when the growth 
rate and the cellular protein content increased would 
account for the very low abundance of tRNA*GCU in 
commercial yeast tRNA, most likely isolated from cells 
grown on rich medium although other parameters uch 
as the nature of the strains, the growth conditions and 
the harvesting time could be involved. 
Acknowledgements: Wethank M. Heude and S. Rousset for help and 
advice. 
References 
[l] Pochart, P., Agoutin, B., Fix, C., Keith, G. and Heyman, T. (1993) 
Nucleic Acids Res. 21, 1517-1521. 
[2] Stiicka, R. and Feldmann, H. (1988) Nucleic Acids Res. 16, 3583. 
[3] O’Connor, J.P. and Peebles, CL. (1991) Mol. Cell. Biol. 11,425 
439. 
[41 
151 
161 
PI 
PI 
[91 
[101 
Pll 
Stickland, L.H. (1951) J. Gen. Microbial. 5, 698-700. 
Keith, G., Pixa, G., Fix, C. and Dirheimer, G. (1983) Biochimie 
65, 661-672. 
Keith, G. (1990) in: Chromatography and Modification of Nucle- 
osides (Gehrke, C.W. and Kuo, K.C.T. eds.) J. Chromatography 
Library volume 45A, Chapter 3, pp. A103-A141, Elsevier, Am- 
sterdam, New York. 
Dirheimer, G. and Ebel, J.P. (1967) Bull Sot. Chim. Biol. 49, 
1679-1687. 
Rogg, H., Mueller, P. and Staehelin, M. (1975) Eur. J. Biochem. 
53, 115-127. 
Emilsson, V. and Kurland, C.G. (1990) EMBO J. 9, 43594366. 
Andersson, S.E. and Kurland, C.G. (1990) Microbial. Rev. 54, 
198-210. 
Sharp, P.M. and Cowe, E. (1991) Yeast 7, 657-678. 
